Abstract -This paper describes a new sensor with the ability o/ simultaneously detecting the position und the incident angle of U light. The busic principle is to detect rhe d@rence in the peuk posirions benveen hvo imuge sensors. We have designed und build three kinds ofproto&pes of the proposed enso or. We rrperimentally veriped the pracricuble uccurucy of theproposedposition sensors.
I. INTRODUCTION
To acquire spatial information, most laser-based position measurement systems, such as rangefinders and the motion capture system, are utilized so a s to receive the reflected light after light has been projected onto an object, or to directly receivethe light from a light source attached to the object. A laser is often used for such a system because it has the advantage of high intensity, high directivity, and monochromaticity [I] . In measuring systems, the high directivity of the laser is useful from two points of view: the transmission of the energy of the light and the maintenance of the optical path. The transmission of the energy of the light is often used for the measurement In comparison, the maintenance of the optical path has seen less use. Since information on the optical path includes information on the position or orientation of objects, utilization of the information on the optical path in measurements has great potential for development in laser-based measurement systems.
In order to acquire information on the optical path, it is necessary to use a sensor that is able to detect both the position and the incident angle of the light. A sensor exclusively for detecting the position of a light spot and a sensor exclusively for detecting the incident angle have already been developed. The sensor typically used for the former is a CCD (charge coupled device) [2] or a PSI) (position sensitive device) [ 3 ] . An example of the latter has been marketed by the Hamamatsu Photonics CO [4] . However a sensor which can simultaneously detect the position and the angle of a light spot has not yet been developed, and up lo now, conventional sensors such as the CCD or PSD have been used. Ordinary laser-based position measurement techniques using a CCD or PSD have, as a result, employed algorithms exclusively using the light spot's pixel position.
If an image sensor can detect both the incident angle of a light and its position, this image sensor could be effectively applied to a number of situations. Thus, we have previously proposed a one-dimensional sensor type [SI, which can measure a one-dimensional position and one-dimensional incident angle onto the sensor at a given position of a Jdirection.
In this paper, we describe the development of the extended version of the previous sensor, consisting of a two dimensional type sensor which can measure a twodimensional position and two-dimensional incident angle.
We have designed and built a prototype of this twodimensional sensor system in which the proposed principle is implemented. We first examined its accuracy by measuring the position and the incident angle of the prototype sensor system. Next, we tested the usefulness of the sensor by applying it to a two-dimensional position measurement,
PRINCIPLE OF MECHANISM TO DETECT THE LIGHT'S POSITION AND ANGLE
As a first step for determining khe basic concept of the sensor system under consideration, we studied the intensity distribution of a light spot which was obliquely projected to the image sensor plane.
By a preliminary test, we arrived at the idea of detecting the position and the incident angle by using the outputs of sensors located at different positions in the deep direction instead of using the intensity distribution of one sensor[S]. front sensor and the rear sensor, respectively, then the incident angle a is calculated using equation (2).
. . Type I measures the one-dimensional position and the one-dimensional angle, which consists of two linear arraytype sensors whose depth positions are slightly different, as shown in Fig.2 (a) [5].
Type 11 measures the two-dimensional position and the one-dimensional angle (horizontal direction). The operating principle of type I1 is almost the same as that of type I. What sets type I1 apart is the use of a half-mirror and sensor plane. The sensor plane of type I1 consists of multiple linear sensors According to the results of the above preliminaly experiments, we therefore estimated the positions and the incident angles of lights that were obliquely projected to the proposed sensor as follows: we regarded the peak position, xi. of the intensity distribution in the rear sensor as the actual position of a light, I , that is to say, as it is expressed by equation( 1);
When the distance between the front sensor and the rear .. arrayed vertically, as shown in Fig. 2(b) . The light input onto the sensor is divided into two directions by the half-mirror, and directed toward two sensor planes.
Type I11 measures the two-dimensional position and the two-dimensional angle (horizontal and vertical direction), as shown in Fig.Z(c) . The operating principle for the configuration of type I11 is the same as type 11, exclusive of the sensor plane. The sensor plane of type III is constituted from an area image sensor.
The determining method of the angle for Type 11 and Type 111 is different from that of Type 1. Fig. 3 displays the distribution of area sensor I and area sensor 2 around the same axis. If the light hits line AB of the figure vertically, then the peak positions of area sensor I and area sensor 2 are equal. However, when the light hits line AB obliquely, the Linear imaw sensor 
Types I, I1 and 111 can he used depending on which type of sensor is needed.
IV. PROTOTYPE SENSOR SYSTEM
A photograph of the prototype type 11 sensor system is presented in Fig. 4 . The test configuration consisted of a laser source and the prototype sensor system. The sensor system 
V. EXPERIMENT
We measured both the position and the angle of the sensor for a variety of incident angles in type I, 11, and 111.
Figs. 6(a), (b), and (c) show the examples of the output of the positions by type I, type 11, and type 111 versus the actual positions when the light is projected obliquely. In Figs. 6(a) and (b), the horizontal axes are the actual peak positions, and the vertical axes are the output. Fig. 6(a) is type I, and the projected angle is 40 degrees. Fig. 6(b) is type 11, and the projected angle is 5 degrees. Fig. 6(c) is the result of type 111.
In Fig. 6(c) , the light is projected at a 3 deg, and the vertical axis shows the position of y-direction, the horizontal axis shows the position of .r-direction. The maximum relative error of the measured data or type 1 was 1.81%, and that of type I1 was 0.89%. The errors of s-direction and y-direction of Type 111 are 3.5% and 2.7%, respectively. sensor has the ability lo accurately measure both the position and incident angle. In order to confirm the usefulness of the present sensor system, we designed and built three-dimensional measurement systems in which the sensor was implemented. This system is intended to be used for object tracking or motion capture.
In ordinary systems, the position of a moving object is usually measured by using a single light source or a single reflected marker attached to the object, and two image sensors with a known distance between them. However, the use of our sensor system permits a system configuration different from such conventional configurations. Fig. 8(a) illustrates the 3-D measurement system used in the proposed sensor. As shown in the figure, two lasers are attached at a horizontally arbitrary angle with respect to a target When the received positions of the two light spots are .rI and -1-2, respectively, and the incident angles are a, and a*.
respectively, the position of the target, (x, z). is calculated as follows:
.r2 tan a , -x, tan a, tan a, + tan a, (x, -x 2 ) tan a, tan a, t a n a , t t a n a , (4) z = Fig. 9 shows the measurement results. In this figure, white squares are actual positions, and black circles measured positions. The maximum error of the measured x-positions and the measured z-positions were about 2.5% and 4.3%, respectively. The parameters needed in this measurement are both the peak positions and the incident angles, which can be acquired exclusively using our sensor. This experiment demonstrates the ability of the sensor to detect incident angles. Unlike with ordinary systems, the present system did not require information on the distance between the two sensors, and also allowed for a simpler configuration. 
